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Overview of the Center for Space Construction

by Donald P. Hearth

The purpose of this overview is to outline the position of the Center for
Space Construction within the context of space-related programs at the
University of Colorado. The University's historically strong research and
graduate programs in space science and its strong undergraduate aerospace
engineering program were the starting point in 1984 for a major expansion of
space-related education and research programs at the Boulder campus. This
initiative has resulted in a tripling of space-related research as well as a large
increase in the enrollment of high quality engineering students, particularly
at the graduate level. The Center for Space Construction is a major element of
this initiative, since it represents a mechanism for interdisciplinary and
system level research and education within the Engineering College, thus
filling a major need. Seventeen faculty members and 37 students from 7
academic units are associated with the Center and are interacting with each
other and with the CSC Associates (a group of industrial organizations and
government laboratories). The first PhD has been awarded to a student
working in the Center; the second PhD is expected later this year. Several new
courses have been introduced in the College. Finally, excellent research is
being conducted and Center participants are publishing in the open literature. -
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OPERATIONS CLUSTER

SPEAKERS

¢ Elaine Hansen (Cluster Leader)

¢ Brent Helleckson/John Blanco/Chris Echohawk
¢ Randy Davis/Chris Grasso

e Renjeng Su/Noureddine Kermiche

¢ Nick Wilde/Clayton Lewis




Abstract

o~ e
S -l

Construction Operation Research /y{)/,; 73
by Elaine Hansen S a5
-

"Construction Operations Research” will be an introductory paper
summarizing the research issues addressed by the CSC Operations
Cluster and the research thrusts of its faculty and students. The paper
will provide the framework for the papers, posters and demonstrations
to be given by the operations group throughout the symposium.
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Construction Operations

12-Oct-89; erh




CONSTRUCTION OPERATIONS

CONTROL
FEEDBACK

« Space Station
» Lunar Base
« Mars Station

 Large Antenna Arrays
» Large Space Craft

CGC-Ops
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CONSTRUCTION OPERATIONS
METHODS

Manual

("Telescience")
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Automation

Bionics

Robotics

CGC-Ops
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S5 0
Constructor Selection Research 23606
/607
Brent Helleckson, John Blanco,
Chris Echohawk, Elaine Hansen [ - /€

The process of space construction is defined by the construction
goal and by the construction system selected to accomplish that
goal. The former provides the tasks that must be executed, while
the latter provides the capabilities to execute them. This
presentation outlines a high-level model of space construction and
illustrates the relationship between constructor and task. The
construction model is then utilized to develop a preliminary theory
of constructor selection. The need for broad models of construction,
constructor selection, and constructor management is identified.
From this preliminary work it can be concluded that task
decomposition is dependent upon both task and constructor; The
selection process is separable from the optimization process; and
that logical, defensible selection is possible.
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* * Abstract for Talk * *

’f;z,/'o A6

/60672

Communications Among Elements of a .
Space Construction Ensemble /

Randal L. Davis and Christopher A. Grasso

Space construction projects will require careful coordination between
managers, designers, manufacturers, operators, astronauts and robots, with
large volumes of information of varying resolution, timeliness and accuracy
flowing between the distributed participants over computer communications
networks. Within the CSC Operations Branch, we are researching the
requirements and options for such communications. Based on our work to date,
we feel that communications standards being developed by the International
Standards Organization, the CCITT and other groups can be applied to space
construction. We are currently studying in depth how such standards can be
used to communicate with robots and automated construction equipment used
in a space project. Specifically, we are looking at how the Manufacturing
Automation Protocol (MAP) and the Manufacturing Message Specification
(MMS), which tie together computers and machines in automated factories,
might be applied to space construction projects. Together with our CSC
industrial partner Computer Technology Associates, we are developing a
MAP/MMS companion standard for space construction and we will produce

software to allow the MAP/MMS protocol to be used in our CSC operations
testbed.
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MACHINE LEARNING IN MOTION CONTROL < s G
] . . J‘_‘:,‘ (S
Renjeng Su and Noureddine Kermiche
. , a‘a_—?
Center for Space Construction )50 &
/) X

ABSTRACT

The existing methodologies for robot programming originate
primarily from robotic applications to manufacturing, where uncertainties
of the robots and their task environment may be minized by repeated off-
line modeling and identification. In space application of robots, however,
higher degree of automation is required for robot programming because
the desire of minimizing the human intervention. We discuss a new
paradigm of robotic programming which is based on the concept of
machine learning. The goal is to let robots practice tasks by themselves
and the operational data are used to automatically improve their motion
performance. The underlying mathematical problem is to solve the
problem of dynamical inverse by iterative methods. One of the key
question is how to ensure the convergence of the iterative process. There
have been a few small steps taken into this important approach to robot
programming. We give a representative result on the convergence
problem.




Machine Learning In Motion Control

Renjeng Su and Noureddine Kermiche
Center for Space Construction
University of Colorado
Boulder, Colorado




The problem of robot programming is to find input
signals which will drive a robot to perform desirable
tasks.



A robot is a motion control system.




Existing Methods For Robot Programming

1. Lead through programming
2. Teach pendant programming

3. Off-line programming



The robot programming problem may be formulated
as a mathematical problem.

Robot Dynamics:
F :{v(h} —— {q(t)}

v(t) the input voltages
q(t) the location and orientation of the end effector

The robot programming is to solve the dynamic
inverse problem: given a desired trajectory of
the location and orientation of the end effector
to find a time function of the input voltage which
will produce a satisfactory motion trajectory.



Lead Through Method

-2 .



Teach Pendant Programming
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Control Systems For Teach Pendant Programming
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Off-Line Programming

Theoretical
Model

Robot
Programs

Real
World



Machine Learning Approach to Robot Programming

Robot

Real
Programs

World

The robot tracks a desired trajectory repeatedly and

improves its tracking performance using tracking results
from the previous iterations.



Learning Control For Linear Systems

C(s) P (s)

U, =US+US+L(s)E,

k21, Ug=Eo=0

Error Equation:

1-PL

Evor=17pe B



Circle Condition for Convergent Learning

A
Re(G(w))

Learning circle

Im(G(w))

—
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Future Problems
1. Learning for multi-axis nonlinear dynamics

2. Task-level learning




CSC Workshop presentation L o
User Interface Support / ool
Clayton Lewis and Nick Wilde / - /e
Department of Computer Science -

University of Colorado, Boulder

Abstract: Space construction will require heavy investment in the development of a
wide variety of user interfaces for the computer-based tools that will be involved at
every stage of construction operations. Using today's technology user interface
development is very expensive, for two reasons. First, specialized and scarce
programming skills are required to implement the necessary graphical
representations and complex control regimes for high-quality interfaces. Second,
iteration on prototypes is required to meet user and task requirements, since these
are difficult to anticipate with current (and foreseeable) design knowledge. We are
attacking this problem by building a user interface development tool based on
extensions to the spreadsheet model of computation. The tool provides high-level
support for graphical user interfaces and permits dynamic modification of
interfaces, without requiring conventional programming concepts and skills.




User Interface Support

Clayton Lewis and Nick Wilde
Department of Computer Science
University of Colorado, Boulder




Space construction will re q1 ire heavy

investment in user interfaces

Examples:

telemanipulation

remote monitoring of autonomous robots

reprogramming of remote systems




*They are strange programs
graphics
mixed-initiative control

*They require iterative design and
development...

because user needs are hard to predict




The NoPum .ﬂC project aims to cut costs

dramatlcally by

ereducing the programming skill requlred
to build an interface

* permitting changes to be made on the fly
to running interface prototypes




The key idea:

build on the spreadsheet model of
computing

A spreadsheet manages a collection of
interdefined quantities.

When data or formulae change dependent
quantities are automatically updated.

The notions of procedural programming
are not needed.

Data and program can be freely viewed
and modified.




Pumping;:

In conventional programming data and
program cannot be seen or changed
unless specific i/0 code is written to pump
information across a barrier that separates
user from program.

No pumping:

The spreadsheet is shared between
underlying program and user. Either can
update it. User can modify data (or
program) without writing i/o code.




D 1cs and user

)

Dealing with gra
spreadsheet model

1nteract10n S1

or
—5=
n

Graphical objects have spreadsheet cells
attached to them.

When cell's value changes, position of
associated object is updated.

ethis provides graphical output from
computation

When object is moved by user, associated
cells are updated.

*this provides graphical input to
computation




slide controller
modelling automated system
robot control (poster)




Slide Controller

4
il

Creating a slide controller

Figure a.




Slide Controller Vi
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Figure . b.




Slide Controller
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“Figure c.




Figure " d.
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We are gambling for greater payoff than
mainline efforts like MacApp, X, NeWS, or
NeXTStep. |

ewhile these efforts are valuable they
still require sophisticated
programimers

ethey aim to make sophisticated
programmers more productive

Hypercard is closer to our approach.

m

e Hypercard relies on ordinary
programming underneath



UNIVERSITY OF COLORADO
CENTER FOR SPACE CONSTRUCTION

STRUCTURES CLUSTER

SPEAKERS
e Subhendu K. Datta (Cluster Leader)

e Robert L. Bratton
e Thomas Kohl

e Charbel Farhat

e Mark J. Balas

e Howard Snyder
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Center for Space Construction /’/f‘/‘e‘. &
Structures Cluster

COMPOSITE STRUCTURE DYNAMICS AND SPACE APPLICABILITY

Subhendu K. Datta
Department of Mechanical Engineering
Center for Space Construction
University of Colorado, Boulder, CO 80309

October 12, 1989

Guided wave modes in cladded or uncladded fiber-reinforced composite plates and tubes have
been analyzed using a stiffness method in which the displacement variation through the thick-
ness is approximated by polynomial interpolation functions. This allows for arbitrary number of
laminations and fiber orientations different from lamina to lamina. It is shown that dispersive
behavior of guided modes depends significantly on the cladding, number of laminae, and interfaces
between the adjacent laminae.

A hybrid modeling technique is described in which an inner region containing cracks (or other
defects) is discretized by finite elements and the field in the exterior region is represented in
terms of modes that are found using the stiffness method described above. It is found that the
reflected and transmitted amplitudes of modes vary significantly with the size of a transverse or
longitudinal (delamination) crack and frequency.

We have also studied the impact response of a unidirectional fiber-reinforced plate. Received
signals at the epicentral and other locations are shown. Strong longitudinal anistrophy of the
gr/epoxy plate causes the signal to be considerably different from that in an isotropic plate.
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CSC SPACE STRUCTURAL MATERIALS PROGRAM
UNIVERSITY OF COLORADO

e INTER-DISCIPLINARY AND FUNDAMENTAL RESEARCH AND
EDUCATION IN MATERIALS AND MECHANICS

e OPTIMAL DESIGN FOR STABILITY, SERVICEABILITY, AND REMOTE
INSPECTABILITY
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Center for Space Construction T
Structures Cluster /

TOWARDS REAL-TIME SIMULATION OF LARGE SPACE STRUCTURES:

Stabilization of Fluid/Thermal/Structure Interactions
and Implementation on High Performance Supercomputers

C. Farhat
Department of Aerospace Engineering
Center for Space Construction

University of Colorado, Boulder, CO 80309

October 12, 1989

Within the Center for Space Construction, the SIMSTRUC project’s objectives center
around the development of simulation tools for the realistic analysis of large space struc-
tures. Here, the word “tools” is in the broad sense: it designates mathematical models,
finite element/finite difference formulations, computational algorithms, implementations
on advanced computer architectures, and visualization capabilities.

In this talk, we report on the results of our activities during the first year within the
SIMSTRUC project. On the modeling side, we describe an alternative approach to
fluid/thermal/structure interaction analysis that is a departure from the “loosely cou-
pled” and “unified” approaches that are being currently practiced. We demonstrate the
advantages of our approach both in terms of accuracy and computational efficiency. On the
computational side, we present a software architecture for parallel/vector and massively
parallel supercomputers that speeds up finite element and finite difference computations by
several orders of magnitude. As an example, the simulation of the deployment of a space
structure that used to require over six hours on a workstation using a conventional finite
element software, now runs on a multiprocessor using a parallel computation strategy in
less than three seconds. In order to promote the physical understanding of the simulation
behavior, we have also developed a real-time visualization capability on the Connection
Machine, which allows the analyst to watch the graphical animation of the results at the
same time these are generated.

We believe that by combining efficient analytical formulations with the state-of-the
art high performance computer implementations and superfast visualization capabilities,
SIMSTRUC is moving fast towards the real-time simulation of large space structures. The
designers as well as the researchers will certainly benefit from this technology.
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STRUCTURES CLUSTER
TOWARDS REAL-TIME SIMULATION

OF LARGE SPACE STRUCTURES

THERMAL/STRUCTURE INTERACTION PROBLEMS

(continue )
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LOW-ORDER DESIGN AND HIGH-ORDER SIMULATIOIN
F ACTIVE CLOSED-LOOP CONTROL FOR AFEROSPACE
STRUCTURES UNDER CONSTRUCTION

Mark J. Balas §/2 w/g
Department of Aerospace Engineering Sciences /{,‘)) ggj
and Center for Space Structures and Controls v

University of Colorado at Boulder ‘ 0o
Boulder, CO 80309-0429 AT

ABSTRACT

Partially constructed/assembled structures in space are complicated enough but their dy-
namics will also be operating in closed-loop with feedback controllers. The dynanmics of such
structures are modeled by large-scale finite element models of the form:

Moq. -+ Doq -+ I(oq = Bou -t FQ
y = Coq+ Eoq -+ Hou

where ¢ is the L-dimensional vector of nodal displacements, u is the M-dimensional vector of
actuator inputs and y is the P-dimensional vector of sensor cutpuls. 'I'he model dimension L
is extremely large (~ 10,000) while the numbers of actuators (M) and sensors (P) are small.
The model parameters My mass matrix, Do damping matrix, and Koy stilfness matrix, are all
symmetric and sparse (banded). Thus simulation of open-locp structure models of very large
dimension can be accomplished by special inlegration techniques for sparse malrices.

The problem of simulation of closed-loop control of such structures is complicated by the addition
of controllers of the form:

u= Ly + L2z
2= Ly y+ Lazz

where the sensor outputs y are processed by the above control algorithm to produce actuator
inputs u for control of the structure. Although the controller dimension (s = dim z) may be
small, the closed-loop combination of structure plus controller must be integrated rapidly in any
good simulation and the symmetry and sparsity of such a combination is no longer the same as
that of the original structure. Simulation of closed-loop controlled struclnres is an essential part

of the controller design and evaluation process.

We will present our current research in the following areas:

(1) High-order simulation of actively controlled aerospace structures

(2) Low-order controller design and CSI compensation for unmodeled dynamics
(3) Prediction of closed-loop stability using asymptotic eigenvalne series

(4): Flexible robot manipulator control experiments.

We hope you enjoy them.




Current Research

O Distributed Parameter System Theory
for Model Reduction

and Low-Order Controller Design

® CSI Compensation By
Residual Mode Tilters

® Numerically Well-Conditioned Metliods
for Structure/Controller Redesign
to Reduce Detrimental CSI
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Center for Space Construction S5 8 P
Structures Cluster

FLUID MANAGEMENT IN SPACE CONSTRUCTION

H. Snyder
Department of Space Construction
Center for Space Construction
University of Colorado, Boulder, CO 80309

n < October 12, 1989

| The low-g fluids management group within the Center for Space Construction is engaged
in active research on the following topics: gauging; venting; controlling contamination;
sloshing; transfer; acquistion; and two-phase flow. Our basic understanding of each of
these topics at present is inadequate to design space structures optimally. A brief report
will be made on each topic showing the present status, recent accomplishments by our
group and our plans for future research.

Assoclates

Supported by CSC:

Mr. G. Mills, Ph.D. Student
Mr. D. Newell, Undergraduate Assistant




Fluid Management
in

Space Construction

Prof. Howard Snyder




Construction requires:

Fuel:
hydrazine
liquid oxygen
liquid hydrogen

Life support:
water
liquid nitrogen
liquid oxygen

Save weight by storing at saluration.




Functions of Fluid
Management System

1 Transportation from Ezarth
to Station

2 Transportation from Station
to other satellites

3 Storage

4 Distribution and control
onh Station

5 Habitability by astronauls

6 Disposal and
contamination control




Complications of Space Operation

1 Low gravity — physical processes change

2 Weight limiatations

3 Low power usage
4 Interaction with Station
5 Reliability

6 Safety




A trapped bubble




Functional Units

Storage container

Thermal control — stratification
Venting - for saturated storage
Gauging

Sloshing and dynamic coupling
Acquisition of liquid

Pumping

Transfer

Couplings — heat and leak control
10 Dispersing

11 Separation

12 Waste fluid treatment

O O NN OO 01 & WM =



Gauging

JSC + BALL AEROSPACE

HOWARD SNYDER (CSC)
ALLAN MORD (BALL)

Trade-off study leads to:
Sinusoidal adiabatic compression,
Radio frequency probing.

Developed experimental apparatts
to meet JSC specifications.

Developed theory of compression gauging —
a data reduction algorithm.

Publication: Analysis of acoustic
boundary layers in
compression gauging.
APS fall meeting 1984.
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YMPRESSION GAGING CONCEPT

URE 2-1

"ISED 10/26/88
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Figure C-2
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Use of Pressure Gauge
in Low—Qg

JSC + BALL AEROSPACE

HOWARD SNYDER (CSC)
ALLAN MORD (BALL)

Developed theory for use
immersed in liquid or gas.

Correct reading at very low frequencies.
Background acceleration
in random directions

at random frequencies

How to design diaphram gatiges
to reduce effect.

How to correct readings
to reduce effect.




MASS-SPRING MODEL_WITH BUBBLE

FIGURE H-4
REVISED 10/27/88
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FIGURE H-1
REVISED 10/27/88
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Venting
by Porous Plug

BALL AEROSPACE IR&D
HOWARD SNYDER (CSC)

Computer model:

Includes:
Flow of liquid
Thermal flow in liquid
Thermal flow in matrix
Evaporation
Downstream line impedance
Regression of evaporation

front into matrix.

Plan lab test of theory as part of XRS.




Transfer

BALL AEROSPACE FUNDS
HOWARD SNYDER (CSC)
ALLAN MORD (BALL)

Computer model of transfer
of a cryogen.
Includes superfluid helium
Models:
heat flux in liquid
heat flux through
walls of transfer tube
pumps
heat exchangers
constrictions due to valves,
change of diameter,
bends, corregation, elc.
Calculates:
heat flux
mass transfer rates
presssure and
temperature profiles
point of boiling
Used to optimize transfer sysiem.
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Transfer
and
Pumping

AMES + BALL + CSC

GARY MILLS (BALL & CSC)
DAVID NEWELL {CSC)

Proof of principal experiments:

transfer of superfluid helium

tansfer at high rate

realistic large heat leak

porous plug pump
with no moving parts

realistic lengths and impedances

comparison of results with
computer model.




Acquisition
and
Filuid Management

CSC & BALL IR&D (?)
GARY MILLS (CSC & BALL)
DAVID NEWELL (CSC)
HOWARD SNYDER (CSC)

Swirl — used for:
acquisition
venting
gauging
thermal management
Thermal gradient management
used for:
acquisition
venting
Acoustic coalescence
used for:
gauging
venting

Planned for next two years.
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Sloshing

CSC + BALL IR&D

HOWARD SNYDER (CSC)
ALLAN MORD (BALL)
DAVID NEWELL (CSC)

Discovered cooperative oscillations
of bubbles.

| A serious problem:

‘ motion of center of gravity

same frequency range as
structural vibrations of Station

Did experiments and developed theory
Theory and experiment agree

Can predict:
frequency
amplitude
Q of resonance




e

e

Motion of the center of gravity due lo cooperative
oscillations |




AV

Bubble
# 1

Bubble
#2

Figure 4 Schematic of Apparafus




Amplitude (arbitrary)

\&)
T

e
1

mq:_:g;_g;gww T

Frequency (Hz)

Figure 5 Frequency response curve,
theory and experiment
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Figure 6 Frequency response curve, theory and
experiment
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ansfer_of Helium |l with a
1ermomechanical Pump

3. L. Mills, H. A. Snyder

xperiment Appartus:

) @—-:]_m:
t L.@ @-— e
‘ oo vy @ v j
E E ]L—'- tttttt
" ® B B
_&' UME HEATER
@ kJre - [l‘:‘ tttttt
_‘EEF__’Q"
uuw\ g ::::L -
A / | V- A we

lllllllll

:xperiment Results:

e

-+~

O al S : Distance from poraus prug, m om
k verify a computer model of helium Il flow driven by a .
ermomechanical pump

otivation:

rge quanties of helium Il may used at space slations to
%upply instruments. Thermomechanical pumps appear
be an efficient and reliable method of transferring
liumll.

———




‘hase Separation by Vortex Flow

G. L. Mills, H. A. Snyder

;oncept :

LIQUID IN SOLID CLYINDRICAL OR
BODY JETS SPHERRICAL
ROTAYION TANK

GAS
BUBBLE

Foals:

I :
o formulate a complete and reliable mathematical model

F vortex flow in a cylindrical tank in low gravity tank and
I

investigate the effect of different parameters such as jet
acement and liquid/gas ratios.

Motivation:

Llarge quanties of two phase fluids such as waler, liquid
ydrogen and liquid oxygen will be part of space
onstruction projects. Current methods of orientating
hases are not entirely satisfactory. Vortex flows appear to
rovide a simple, reliable method for phase orientation, but
il have an effect on dynamics of the rest of the structure.
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UNIVERSITY OF COLORADO
CENTER FOR SPACE CONSTRUCTION

EXTRATERRESTRIAL CLUSTER

SPEAKERS
o Stein Sture (Cluster Leader)

e Steven W. Perkins

e Jose Emir Macari-Pasqualino
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MECHANICAL PROPERTIES OF
LUNAR REGOLITH AND
LUNAR SOIL SIMULANT

Steven W. Perkins

¢ STATE OF KNOWLEDGE OF THE PROPERTIES OF
LUNAR REGOLITH

e CHARACTERIZATION OF STRENGTH AND
DEFORMATION PROPERTIES OF LUNAR
REGOLITH AND SIMULANT

e MODELING OF SOIL-STRUCTURE INTERACTION




ABSTRACT

Through the Surveyor 3 and 7, and Apollo 11-17 missions a knowl-
edge of the mechanical properties of Lunar regolith were gained.
These properties, including material cohesion, friction, in-situ den-
sity, grain-size distribution and shape, and porosity, were determined
by indirect means of trenching, penetration, and vane shear testing.
Several of these properties were shown to be significantly different
from those of terrestrial soils, such as an interlocking cohesion and
tensile strength formed in the absence of moisture and particle ce-
mentation.

To characterize the strength and deformation properties of Lunar re-
golith experiments have been conducted on a lunar soil simulant at
various initial densities, fabric arrangements, and composition. These
experiments included conventional triaxial compression and exten-
sion, direct tension, and combined tension-shear. Experiments have
been conducted at low levels of effective confining stress. External
conditions such as membrane induced confining stresses, end platten
friction and material self weight have been shown to have a dramatic
effect on the strength properties at low levels of confining stress. The
solution has been to treat these external conditions and the specimen
as a full-fledged boundary value problem rather than the idealized
elemental cube of mechanics.

Centrifuge modeling allows for the study of Lunar soil-structure inter-
action problems. In recent years centrifuge modeling has become an
important tool for modeling processes that are dominated by gravity
and for verifying analysis procedures and studying deformation and
failure modes. Centrifuge modeling is well established for terrestrial
engineering and applies equally as well to Lunar engineering.




MECHANICAL PROPERTIES OF
LUNAR REGOLITH

¢ PRIOR TO LUNAR MISSIONS THE MECHANICAL PROP-
ERTIES OF THE REGOLITH WERE MODELED WITH A
LUNAR SOIL SIMULANT.

e THE MECHANICAL PROPERTIES OF THE LUNAR RE-
GOLITH WERE STUDIED IN-SITU BY MEANS OF TRENCH-
ING, PENETRATION, AND VANE SHEAR TESTING
(SURVEYOR 3 AND 7, APOLLO 11-17, LUNOKHOD).

e LUNAR REGOLITH EXHIBITS AN INTERLOCKING CO-
HESION AND TENSILE STRENGTH IN THE ABSENCE OF
MOISTURE AND ANY PARTICLE CEMENTATION.

e A LIMITED EVALUATION OF THE MECHANICAL PROP-
ERTIES WAS CONDUCTED IN THE LUNAR RECEIVING
LABORATORY (JSC) AFTER EACH MISSION.

e THE REGOLITH AT ALL APOLLO LANDING SITES HAS
NEARLY THE SAME MECHANICAL PROPERTIES.

e THE NEAR SURFACE (< 20 cm) REGOLITH IS HIGHLY
COMPACTIVE IN ITS NATURAL IN-SITU STATE.

e AFTER COMPACTION IT IS HIGHLY DILATIVE WHEN
SUBJECTED TO DISTORTIONS (SHEAR).

e IN REGIONS NEAR CRATER RIMS THE REGOLITH IS
VERY SOFT AND HIGHLY POROUS.
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Fig. 2. Friction angle as a function of porosity for a lunar soil simulant (ground basalt).
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Fig. 3. Cohesion as a function of porosity for a lunar soil simulant (ground basalt).

(MITCHELL, ET AL.; PROC 3”? LUNAR SCI. CONF., 1972)




MECHANICAL PROPERTIES OF
A SIMULATED LUNAR SOIL

CURRENT ACTIVITIES

e CONDUCT EXPERIMENTS ON A LUNAR SOIL SIMULANT
AT VARIOUS INITIAL DENSITIES, FABRIC ARRANGEMENT
AND COMPOSITION.

b

e CONVENTIONAL TRIAXIAL COMPRESSION AND EXTEN-
SION EXPERIMENTS ON CYLINDRICAL AND CUBICAL
SPECIMENS. ‘

e DIRECT TENSION AND COMBINED TENSION-SHEAR EX-
PERIMENTS ON CUBICAL SPECIMENS.
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VOLUMETRIC STRAIN, %
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EXTERNAL CONDITIONS IN
TRIAXIAL EXPERIMENTS

e MEMBRANE INDUCED CONFINING STRESSES.

e END PLATTEN FRICTION.

e SPECIMEN SELF WEIGHT.

e SOLUTION: TREAT THE SPECIMEN AND EXTERNAL CON-
DITIONS AS A FULL-FLEDGED B.V.P. RATHER THAN THE
IDEALIZED ELEMENTAL CUBE OF MECHANICS.
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ILLUSTRATION OF THE CONCEPT OF MODELING-OF-MODELS

SIZE OF MODEL (m)
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ANALYTICAL MODELING OF STRUCTURE-SOIL

- e o

SYSTEMS FOR LUNAR BASES
Jose Emir Macari-Pasqualino o

ABSTRACT /

The study of the behavior of granular materials in a reduced gravity environment and under
low effective stresses became a subject of great interest in the mid 1960’s when NASA’s Surveyor
| missions to the Moon began the first extraterrestrial investigation and it was found that Lunar
t soils exhibited properties quite unlike those on Earth. This subject gained interest during the
years of the Apollo missions and more recently due to NASA’s plans for future exploration
and colonization of Moon and Mars. It has since been clear that a good understanding of
the mechanical properties of granular materials under reduced gravity and at low effective
stress levels is of paramount importance for the design and construction of surface and buried
structures on these bodies. In order to achive such an understanding it is desirable to deveiop a
set of constitutive equations that describes the response of such materials as they are subjected
to tractions and displacements.

This presentation examines issues associated with conducting experiments on highly non-
linear granular materials under high and low effective stresses. The friction and dilatancy
properties which affect the behavior of granular soils with low cohesion values are assessed.
In order to simulate the highly nonlinear strength and stress-strain behavior of soils at low
as well as high effective stresses, a versatile isotropic, pressure sensitive, third stress invari-
ant dependent, cone-cap elasto-plastic constitutive model was proposed. The integration of
the constitutive relations is performed via a fully implicit Backward Euler technique known as
the Closest Point Projection Method. The model was implemented into a finite element code
in order to study nonlinear boundary value problems associated with homogeneous as well as
nonhomogeneous deformations at low as well as high effective stresses. The effect of gravity
(self-weight) on the stress-strain-strength response of these materials is evaluated. The calibra-
tion of the model is performed via three techniques: 1) Physical identification, 2) Optimized
calibration at the constituive level, and 3) Optimized calibration at the finite element level
(Inverse Identification).

Laboratory experiments have shown that the effects of gravity have significant influence on
the stress-strain-strength response of granular soils with low cohesion especially when the con-
fining levels are below a certain threshold stress (aproximately 1 psi; 7 kN/m?). The proposed
model is used to predict the response of boundary value problems (such as bearing capacity)
of granular materials in reduced gravity environments and under low effective stresses.
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TESTING SEQUENCE OF GRANULAR MATERIAL IN 1-G
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UNIVERSITY OF COLORADO
CENTER FOR SPACE CONSTRUCTION

SYSTEMS CLUSTER

SPEAKERS
e George W. Morgenthaler (Cluster Leader)
e Kadett Chan/Kendall Nii
e Alex Montoya
e Ugo Racheli
e Chauncey Uphoff
e Randy Coffey

e Richard Johnson

e Roger Davidson
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PPLICATION OF STATISTICAL DISTRIBUTION
THEOR TO LAUNCH-ON-TIME FOR SPACE CONSTRUCTION  _ .
LOGISTIC SUPPORT -—;94« /! o=
George W. Morgenthaler1,2 WA
g rgenthale /55 6 ;?/
Abstract - . /@

The ability to launch-on-time and to send payloads into space has progressed
dramatically since the days of the earliest missile and space programs. Causes for delay
during launch, i.e., unplanned "holds", are attributable to several sources: weather,
range activities, vehicle conditions, human performance, etc. Recent developments in
the Space Program, particularly the need for highly reliable logistic support of space
construction and the subsequent planned operation of: space stations, large unmanned
space structures, Lunar and Mars bases, and the necessity of providing "quaranteed”
commercial launches have placed increased emphasis on understanding and mastering
every aspect of launch vehicle operations.

The Center for Space Construction has acquired historical launch vehicle data and
is applying these data to the analysis of space launch vehicle logistic support of space
construction. This analysis will include development of a better understanding of
launch-on-time capability, and simulation of required support systems for vehicle
assembly and launch which are necessary to support national Space Program
construction schedules.

In this paper, we present actual launch data on unscheduled "hold" distributions of
various launch vehicles. The data have been supplied by Industrial Associate companies
of the Center for Space Construction. We seek to determine suitable probability models
which describe these historical data and that can be used for several purposes such as:

a) inputs to broader simulations of launch vehicle logistic space construction support
processes, and b) to determine which launch operations sources cause the majority of
the unscheduled "holds", and hence to suggest changes which might improve launch-on-
time. In particular, the paper investigates the ability of a compound distribution
probability model to fit actual data, versus alternative models, and recommends the most
productive avenues for future statistical work.

1Professor, Aerospace Engineering Sciences Dept. and Center for Space Construction,
and Associate Dean, College of Engineering and Applied Sciences, University of Colorado
at Boulder, 80309-0429.

2The author gratefully acknowledges the assistance of the following Center for Space
Construction undergraduate students: Catherine Gonet, Ecole Polytechnique
Feminine, Paris, France; and Kadett Chan and Kendall Nii, Department of
Aerospace Engineering Sciences, University of Colorado.
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Optimai Seiection of Space Tran spcrtaﬁcn Fleet - /6
To Meet Multi-Mission Space Program Needs e
//' i M

. George W. Morgenthaler! and Alex J. Montoya2 .
Center for Space Construction, University of Colorado, Boulder F__ ’L?

Abstract

A Space Program that spans several decades will be comprised of a collection of
missions such as Low Earth Orbital Space Station, a Polar Platform, Geosynchronous
Space Station, Lunar Base, Mars Astronaut Mission, and Mars Base. The optimal
selection of a fleet of several recoverable and expendable launch vehicles, upper stages,
and interplanetary spacecraft necessary to logistically establish and support these space
missions can be examined by means of a linear integer programming optimization model.
Such a selection must be made because the economies of scale which comes from
producing large quantities of a few standard vehicle types, rather than many, will be
needed to provide learning curve effects to reduce the overall cost of space
transportation if these future missions are to be affordable.

Optimization model inputs come from data and from vehicle designs. Each launch
vehicle currently in existence has a launch history, giving rise to statistical estimates
of launch reliability. For future, not-yet-developed launch vehicles, theoretical
reliabilities corresponding to the maturity of the launch vehicles's technology and the
degree of design redundancy must be estimated (Ref. 1). Also, each such launch vehicle
has a certain historical or estimated development cost, tooling cost, and a variable cost.
The cost of a launch used in this paper includes the variable cost plus an amortized

portion of the fixed and development costs.

The integer linear programming model will have several constraint equations
based on our assumptions of mission mass requirements volume requirements, and
number of astronauts needed. The model will minimize launch vehicle logistic support

cost and will select the most desirable launch vehicle fleet.

1Professor Aerospace Engineering Sciences Dept. and Associate Dean, College of
Engineering and Applied Sciences, University of Colorado at Boulder, 80309-0429

2Senior, Department of Mathematics, and member, Center for Space Construction,
University of Colorado at Boulder 80309-0429
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Computer Aided System Engineering
for Space Construction /) /.“3
/’ ~

by
Ugo Racheli, Ph.D., P.E.1

Abstract

Construction activities envisioned for the assembly of large
platforms in space (as well as interplanetary spacecraft and
bases on extraterrestrial surfaces) require computational tools
that exceed the capability of conventional construction
management programs. The Center for Space Construction is
investigating the requirements for new computational tools and,
at the same time, suggesting the expansion of graduate and
undergraduate curricula to include proficiency in Computer
Aided Engineering (CAE) though design courses and individual or
team projects in advanced space systems design. In the Center's
research, special emphasys is placed on problems of
constructability and of the interruptability of planned activity
sequences to be carried out by crews operating under hostile
environmental conditions. _

The departure point for the planned work is the acquisition
of the MCAE I-DEAS software, developed by the Structural
Dynamics Research Corporation (SDRC), and its expansion to the
level of capability denoted by the acronym IDEAS**2 currently
used for configuration maintenance on Space Station Freedom.

In addition to improving proficiency in the use of I-DEAS
and IDEAS**2, it is contemplated that new software modules will
be developed to expand the architecture of IDEAS**2. Such
modules will deal with those analyses that require the
integration of a space platform's configuration with a breakdown
of planned construction activities and with a failure modes
analysis to support Computer Aided System Engineering (CASE)
applied to space construction.

IResearch Associate with the Center for Space Construction at the University
of Colorado, Boulder
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Randall E. Coffey T
Ball Aerospace Systems Division

Abstract:

This paper investigates the development and use of semi-analytic
methods for propellant depot orbit selection in cyclic, coplanar,
Keplerian GSO missions. The cyclic depot transfer strategy which
allows for non-optimum (e.g. non-Hohmann} transfer, is constrained by
resonance requirements allowing for descent rendezvous/refueling with
fuel depots positioned during the ascent phase of the mission. The
mission benefit using this transfer technique allows an improvement in
propulsion system efficiency which can lead to ~ 43% reduction in initial
launch mass when compared to traditional methods, but with the trade-
off of longer mission timelines. A family of potential transfers is
identified with an "optimum"” selection not based on conventional AV
‘minimization. The results of this analysis include reduced transfer
times and greater potential initial launch mass savings over previous
work.

INTRODUCTION

The national mandate of human exploration of our Solar System in the first part of the 20th
Century, outlined in the February, 1988 Presidential Directive on National Space Policy, will
require the development of strategies and hardware providing for human travel into the solar
systeml. Four case studies? typify the evolution of human exploration of our Solar System.
These missions include a Human expedition to-Phobos, Human expeditions to Mars, a Lunar
scientific observatory3, and an early Mars expedition via a Lunar outpost. All of these human
initiatives into the Solar System will require cyclic deliveries of hardware, materials,
humans, etc., to provide for on-orbit assembly, manned station resupply, or aiternately the
retrieval of high orbit payloads for return to low Earth orbit, or Earth itself. The ability of
perform these types of cyclic missions has been tied to the development of orbital maneuvering
vehicles which exploit new energy saving concepts such as aerobraking recapturet.5. However,
with the development of rendezvous and fuel transfer techniques currently underwayé an
advanced cyclic transfer strategy using orbiting fuel depots shows a potential for greatly
reducing the mission support mass. The development and application of an optimum transfer
strategy based on cyclic transfer using orbiting fuel depots is presented in this paper.

T Senior Mission Analyst, Ball Aerospace Systems Division
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DEPOT TRANSFER ATTRIBUTES CAN BE
MATCHED TO INDIVIDUAL MISSION GOALS
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Lunar Cycler Orb e
with fedci=
Semi-Monthly Transfer Windows / | 3

by
Chauncey Uphoff
Ball Space Systems Division
| Boulder, Colorado
and
Mark Crouch & Michel Loucks
; Center for Space Construction
University of Colorado
Boulder, Colorado

Lo

p=d e

" Abstract:

This paper is a presentation of a new type of cislunar
transfer orbit that has encounters with the Moon twice per
month. The use of this technique is suggested for Earth-
to-Moon Cycler spacecraft that contain the heavy and
expensive life support equipment for human transfer
from low Earth orbit to the Moon and for logistical supply
of lunar bases. The basis for the technique is a 180° near-
circular Moon-to-Moon transfer orbit that is inclined to
the Earth-Moon plane by an angle that is compatible with
a low-inclination, near-minimal energy Earth-to-Moon
transfer orbit. Also inciuded are preliminary discussions
of Cycler spacecraft design considerations and the logistics
of operation for extensive manned operations on the
Moon. Numerical studies are included to verify the
usefulness of the technique in a realistic cislunar dynamic
environment and estimates of navigation propellant
Tequirements are given.
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Abstract

Future space construction missions will involve both human
and machine constructors. Selection of the optimum constructor
mix requires a model of constructor capabilities and requirements.
The database for that model is developed via extrapolation from
current literature. Optimization is done via minimization of
total mission cost using a linear programming approach. This
prototype is the first cut at producing a general tool for
choosing a near-optimum constructor mix for any space construction
mission. It illuminates some significant representational and
data-gathering problems with the modelling approach.
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ADDRESSING THE PROBLEM OF INTERRUPTABILITY
IN THE CONSTRUCTION OF LARGE SPACE STRUCTURES

R.A. Davidson™ and G.W.Morgenthalert

Large scale space missions of the near future will depend upon
successful muiti-launch coordination and construction in the
space environment. One of the main challenges is how to
accomplish a valid global analysis of a construction project with
the intent of improving safety, reducing overall mission cost, and
total construction time. These three items are dependent on the
interruptability of the project, which is the ability of the project
to recover from unplanned interruptions; such as failure of the
launch vehicle; sudden, on-orbit, crew iliness; or damage from a
space debris impact on the partially completed space structure.

A new method for addressing and analyzing this type of problem is
being developed. The method is called Program Interruptability
and Risk Evaluation Technique, or PIRET. PIRET has been
developed in order to model and analyze potential interruptability
concerns of the construction of the U.S. Space Station Freedom
(SSF), although PIRET is applicable to any complex, multi-launch

structural assembily.

This paper is a progress report on the continuing research of the

NASA Center for Space Construction at the University of Colorado,

Boulder into this area of space construction interruptability.

The

paper will define the probiem of interruptability, will diagram
the PIRET approach to space construction, will share resuits from
a preliminary PIRET analysis of SSF, and will show that PIRET is
a useful tool for modelling space construction interruptability.

-

Graduate student in the Center for Space Construction of the Aerospace Engineering

Sciences Department at the University of Colorado, Boulder 80309-0429

Associate Dean, College of Engineering and Applied Sciences and Professor, Aerospace
Engineering Sciences Department and member, Center for Space Construction at the

‘University of Colorado, Bouider 80309-0429
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Foundations of PIRET

States
Tasks

Activity Network



PERT Network

Input Symbols Output Symbols
‘< Exclusive-Or > Probabilistic
< Inclusive-Or ) Deterministic

( And

GERT Symbols




rework paths
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Sample PIRET Network Diagram

Sample PIRET Task Definition Table

Task Completion Time Distrib. Cost Distrib. Safety Rework

Prob. te Ute Se Use Prob. Path
A.B 0.99 25.0 3.2 1.2 0.2 0.995 A.B*A
B.C 0.97 23.8 5.4 0.9 G6.13 0.9999 B.C*B
B.D 0.925 34.8 3.3 1.9 0.3 0.987 B.D*B
B.E 0.995 45.2 9.0 2.3 0.9 0.999 B.E*A
C.G 0.917 23.5 0.7 1.2 0.3 0.96 C.6*C
D.F 0.93 34.8 5.2 1.7 0.6 0.977 D.F*D
E.F 0.99 21.0 0.5 0.8 0.05 0.9999 E.F*E
F.H 0.95 23.9 4.9 0.9 0.1 0.998 F.H*B
G.H 0.99 22.1 0.9 0.8 0.1 0.999 G.H*6




‘For_each construction task the following

information is used:

1)
2)
3)
4)

S )

Probability of successful task
completion

Time probability distributions for
task completion
Cost/Resource-use probability

~ distributions for task completion

Contingency paths and rework
relationships for task failure
Safety information such as

probability of injury or loss of
life

Dynamic
Stability
Matrix
(flexural &

attitudinal) Orbital Stability Matrix

i I N PR

Thermal Stability Matrix

Power idequacy

PIRET State "Stability” Matrix



) A\

XBLE DESICN MODIPICARIONS

(8)
E‘@E& STABILIETY BNERANCEMENE

Dynamic Thermal Power Orbital
Instability Instability Inadequacy Decay

Active stiffeners Thermal sources Power modules Thrusters
Passive dampers Thermal sinks Propellant

Additional sensors

Additional actuators



Shuttle flight #
1

2 3 4
|
| l ! —>

Level 1: Shuttle mission i of planned launch sequence

Ground Systems preparation for launch i+1

estab.

Level 2: SSF assembly task definition for launch i

non-assembly tasks

eady for\non-EV A
assembly

EV A preparation

Level 3: Further defining of Level 2 tasks

i
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1) Acquisition of accurate data for
PIRET model task definitions is
typically difficult and slow, if the
data is available at all.

2) The requirements of PIRET for
numerical calculations is very high,
especially if the "stability at each
state must be determined.

3) There is no standard, off-the-shelf,
computer package available for
creating, managing, and analyzing
PIRET models.




From PIRET moedelling and analysis
of large $pace structure

consitruction @ following

objectives can be ¢alneds:

1) Identification of reasons and
solutions to possible unacceptable
probability distributions of outputs
such as time and costs in order to
make program adjustments and save
actual time and resources.

2 ) Identification of high-risk periods of
construction and interruptability
hazards in order to improve safety
before injury or major loss occurs.

3 ) Identification of possible problem
areas and the necessary contingency
plans designed to mitigate the
problem of interruptability.

4) Guidance of construction design and
scheduling to improve human safety,
reduce risk of space structure loss,
reduce expenditures, and improve
construction time.




Numerical Simulation of Coutrolled Large Space Structures S
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by Ralph Quan ’ / 40 07T
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Large Space Structures do not have much damping, which necessitates the installation

p

)

of a controller onto the structure. If the controller is iinproperly designed, the structure
may become unstable and be destroyed. Since Large Space Structures are extremely ex-

pensive pieces of hardware, new controllers must not be tested first ou the structure. They

must first be tested in computer simulations.

Until now, the usual procedure for siinulating controlled Large Space Structures is
to compute a reduced order modal representation of the structure and then apply the

controller. However, this procedure entails modal truncation error,

A new software package which is free from this error is currently under development
within the Center for Space Construction. The more accurate finite clement representation
of the structure is used in the simulation, instead of the less accurate reduced order modal
representation. This software also feétures an efficient matrix storage scheme, which ef-
fectively deals with the asymmetric system matrices which occur when control is added to
the structure. Also, an integration algorithm has been chosen so that the simulation is a

reliable indicator of system stability or instability.

The software package is fairly general in nature. Lincarity of the finite element model
and of the controller is the only assumption made. Actuator dyunamics, sensor dynamics,
noise, and disturbances can be handled by the package. In addition, outpul feedback
of displacement, velocity, and/or acceleration signals can be simulated. Kalinan stite

estimation has also been implemented.

This software has been tested on a finite element modcl ol'a real Large Space Structure:
The Mini-Mast Truss. Mini-Mast is a testbed at NASA-Langley which is currently under
development. A 714 degree of freedom finite element model was computed, and a 19 state
controller was designed for it. Torque wheel dynainics were added to the model, and the

entire closed loop system was simulated with the software package.




® Modal Model

* Experimental (ERA)

¢ lterative Solution for mode shapes and
frequencies from the finite element model

* Modal truncation
¢ Frequency response functions indicate

that the higher modes are important,
especially for accelerometers.

® Finite Element Model

o Mass and Stiffness matrices are large, but sparse.

® ltis important to store as few zeros as possible,
while minimizing the number of required computations.

Traditional matrix storage schemes such as the
banded and skyline schemes have been used
for structural analysis.

® When performing closed loop simulations, many
unstructured matrices appear. Linked lists provide
a more efficient way of storing matrices.




Banded Skyline (Profile)

Stiffness Matrix Stiffness Matrix
W ]
! | ]

Output Matrix
(No obvious patterns)

Linked List Stored Matrix




Regions of Numerical Stability
For Integration Algorithms:

Explicit algorithms Some popular algorithms
such as for simulating open loop
Runga-Kutta structures

Algorithms such as Trapezoidal,
or Midpoint Rule




Closed Loop Simulation Archilecture:

Disturbance Noise

e

Finite Element Model I::

Y
Actuator <€ Sensor
Dynamics IE Compensator «<4— Dynamics

Linear Finite Element Model:

Ma.+Ca+Kq=Fu+d

Appended Linear System ( Actuator Dynamics,
Compensator, and Sensor Dynamics)

X =L11 x + L12 u + L13yd + L14 yv + L15 ya
y = L21 x + L22 u
u

= L31 x + 0 + L33yd + L34 yv + L35 ya




® Key Computation:
Az=Db
where A is a large, sparse, unsymmelric, and
unstructured matrix.

Z is a vector of all states in the closed
loop system.

® Summary of Key Points:
® Linked List Matrix Storage
® Numerical Stability <=> System Stability
® No Modal Truncation Error
® General Purpose Simulation Tool for:
@ Output Feedback
® Displacement
® Velocity
® Acceleration

® First Order State Estimatlion




by o it Ot POV

I e A et it

Fi

(HR]

KR

L.

o4

i

OF POOR QUALITY

QNIGINAL PAGE 18




Cw— o D W —T T T

ol

_ r -r,
= = p = i =

_A.,_

[0

SENENRE

OF POOR QUALITY

GRIGINAL PAGE 1S

S e A o o
ro T Je | | ﬁ
. x |
MM r H : Vwﬁ < : H




